We evaluated systemic alterations to the blood coagulation system that occur during a coronary thrombotic event. Peripheral blood coagulation in patients with acute coronary thrombosis was compared with that in people with stable coronary artery disease (CAD). Blood coagulation and platelet activation at the microvascular injury site were assessed using immunochemistry in 28 nonanticoagulated patients with acute myocardial infarction (AMI) versus 28 stable CAD patients matched for age, sex, risk factors, and medications. AMI was associ-ated with increased maximum rates of thrombin-antithrombin complex generation (by 93.8%; P < .001), thrombin Bchain formation (by 57.1%; P < .001), prothrombin consumption (by 27.9%; P ‫؍‬ .012), fibrinogen consumption (by 27.0%; P ‫؍‬ .02), factor (f) Va light chain generation (by 44.2%; P ‫؍‬ .003), and accelerated fVa inactivation (by 76.1%; P < .001), and with enhanced release of platelet-derived soluble CD40 ligand (by 44.4%; P < .001). FVa heavy chain availability was similar in both groups because of enhanced formation and activated protein C (APC)-mediated destruction. The velocity of coagulant reactions in AMI patients showed positive correlations with interleukin-6. Heparin treatment led to dampening of coagulant reactions with profiles similar to those for stable CAD. AMI-induced systemic activation of blood coagulation markedly modifies the pattern of coagulant reactions at the site of injury in peripheral vessels compared with that in stable CAD pa-
Introduction
After vascular injury, blood clotting is initiated when plasma factor (f) VIIa gains access to tissue factor (Tf). The resulting complex activates the plasma zymogens fIX and fX. 1 Factor Xa activates small amounts of thrombin, which activates platelets, and the procofactors fV and fVIII to their respective active forms. 2 These reactions result in the formation of the intrinsic fXase (fVIIIa-fIXa) and prothrombinase (fVa-fXa) on the activated platelet surface. 3 The major bolus of thrombin formed by the prothrombinase complex is largely responsible for the ultimate hemostatic process. 4 A potent, synergistic inhibitory system principally composed of tissue factor pathway inhibitor (TFPI), antithrombin (AT), and the thrombin-thrombomodulin (Tm)-catalyzed dynamic protein C (PC) system opposes thrombin generation. 5, 6 The formation of fVa and its regulation by activated protein C (APC) are key processes for maintaining blood homeostasis. The fV activation process involves sequential cleavages to first produce a heavy chain and subsequently a light chain (1545-2196) resulting in the active cofactor. 7 The PC system inactivates fVa in a kinetically controlled series of cleavage reactions in which APC cleaves the heavy chain of fVa at 2 locations (R506 and R306); the resulting fVai can no longer function in the coagulation system. 8, 9 The balance between activation and inactivation of fV is critical to the synergistic control of the coagulation process. 10 The activation of the Tf coagulation pathway appears to be central in arterial and venous thrombosis. 11 A major clinical manifestation of arterial thrombosis is represented by the acute coronary syndromes (ACS), which result from platelet-rich throm-bus formation on the surface of ruptured or eroded atheromatosus plaque in the coronary artery. 12 Typical procoagulant abnormalities in ACS are increased circulating thrombin marker levels, such as prothrombin fragment 1.2 (F1.2) or thrombin-antithrombin complexes (TAT), with the maximum values seen in subjects with ST-elevation myocardial infarction (STEMI) and markedly elevated cardiac troponin levels, a marker of myocardial necrosis. [13] [14] [15] [16] [17] Moreover, enhanced thrombin activity toward fibrinogen within 12 hours of acute myocardial infarction (AMI) has been found to identify patients at an increased risk of cardiac mortality. 18 Patients with ACS who developed in-hospital recurrent ischemia despite at least 72 hours of heparin infusion had significantly higher plasma levels of thrombin markers determined before the coronary event, and heparin was only partially able to antagonize thrombin activity. 17, 19 It is not known how acute coronary thrombosis on the damaged atheromatosus plaque may alter the kinetics of the systemic coagulant system and to what degree global coagulation alterations contribute to subsequent pathology. No consistent changes in coagulation factor levels in venous blood have been observed in ACS patients. Vaziri et al 20 reported increased activity of fIX and decreased fII and fV in ACS patients. Elevated fVIII antigen and coagulant activity can also be detected in AMI patients. 21 Recently, we reported increased fXIa in ACS patient plasma and predicted enhanced thrombin generation based upon blood coagulation factor composition. 22 Furthermore, increased thrombin formation in ACS may be supported by impaired anticoagulant mechanisms. It has been shown that ACS is associated with reduced AT activity. 15, 20 Levels of free TFPI have been reported to be elevated in acute myocardial ischemia. 23 In our numerical simulations, the collective contributions of AT, fII, and fVIII were most prominent. 22 In this study, we have evaluated the potential for alteration of the systemic coagulation system in ACS by studying injury to the peripheral microcirculation in non-anticoagulated patients undergoing AMI and compared their response to a control cohort with stable coronary artery disease (CAD). The microvascular injury model used enables an in vivo evaluation of thrombin generation and platelet activation. 24 It consists of performing standardized skin incisions by means of a bleeding-time device that cuts blood vessels 5 to 25 m in diameter. Blood is collected at equal time intervals into canules, then passed into an anticoagulant solution; in the separated supernatant, several substances can be detected. Weiss and Lages 25 showed that thrombin formation in this model depends on local Tf expression closely coupled with platelet activation. In previous studies with this model we have reported the influence of aspirin and statins on thrombin generation [24] [25] [26] [27] [28] [29] and platelet activation. 28, 30 
Methods

Patients
We enrolled 28 patients, 22 men, aged 46 to 75 years (mean, 61 years), admitted to the hospital for AMI within the first 12 hours (mean, 5 hours) after onset of chest pain, and 28 patients with angiographically confirmed stable CAD (Ͼ 50% stenosis in at least one major epicardial artery). Inclusion criteria for AMI patients were typically chest pain and ST-segment elevation of at least 1 mm or ST depression in at least 2 contiguous leads on standard ECG, and elevated cardiac troponin I. All AMI patients were diagnosed with STEMI (n ϭ 14) or non-STelevation MI (NSTEMI; n ϭ 14). Exclusion criteria in AMI patients were as follows: cardiogenic shock, ACS within the previous 6 months, any acute illness, cancer, history of venous thromboembolism, oral anticoagulant, or heparin administration. Fifty percent of AMI patients (n ϭ 14) had arterial hypertension, 4 had diabetes mellitus, and 10 patients were current smokers. All patients took aspirin (300 mg) 3 to 8 hours before the study. Fourteen AMI subjects were previously treated with low-dose aspirin, as were all subjects with stable CAD. No individuals received thienopyridines or thrombolytics prior to blood collection. Other cardiovascular drugs included ␤-blockers (n ϭ 15), nitrates (n ϭ 20), angiotensin-converting enzyme inhibitors (n ϭ 14), statins (n ϭ 9), and calcium antagonists (n ϭ 9). Stable angina patients (Canadian Cardiovascular Society class II or III), 20 men and 8 women, were matched to the AMI patients for age, sex, coronary risk factors, and medications. None of these stable angina patients had developed AMI or undergone angioplasty within the 6 months preceding the study.
To evaluate the effect of heparin infusion, we studied 8 additional patients with AMI, for instance, NSTEMI, receiving unfractionated heparin intravenously at the time of the blood collection. This group was similar to non-anticoagulated AMI patients with regard to demographic and clinical features.
The Jagiellonian University Ethical Committee approved the study, and written informed consent was obtained from all patients in accordance with the Declaration of Helsinki.
Laboratory investigations
Blood was drawn into 0.1 volume of 3.2% trisodium citrate from an antecubital vein with minimal stasis (within 15 minutes after hospital admission of AMI patients). Citrated blood samples were centrifuged within 15 minutes of collection and stored at Ϫ80°C until used. Lipid profiles, blood cell counts, glucose, creatinine, aminotransferases, activated partial thromboplastin time (aPTT), and cardiac troponin I were assayed by routine laboratory techniques. Fibrinogen was determined using the Clauss method. High-sensitivity CRP was measured by latex nephelometry (Dade Behring, Marburg, Germany). Commercially available immunoenzymatic assays were used to determine plasma interleukin-6 (IL-6; R&D Systems, Abingdon, United Kingdom), TAT (Dade Behring), and soluble CD40 ligand (sCD40L; R&D Systems). All the intra-assay and inter-assay coefficients of variation were below 7%. FII, fVII, fVIII, fIX, fX, and AT were measured by one-stage clotting assays with use of factor-deficient plasmas (Dade Behring). Protein C (PC) was measured using a chromogenic substrate (Dade Behring). Free TFPI (f-TFPI) was determined by enzyme-linked immunosorbent assay (ELISA; Diagnostica Stago, Asnieres, France). Evaluation of coagulation factors and inhibitors yielded values within the reference ranges provided by the manufacturers.
Microvascular injury
Blood coagulation was evaluated at the site of microvascular injury using a Simplate II device (Organon Teknika, Durham, NC) as described previously. 24, 26 Blood oozing from a standardized bleeding-time wound was collected into heparinized capillary tubes (Kabe Labortechnik, Numbrecht-Elsenroth, Germany) every 60 seconds. Blood samples were then passed into an anticoagulant cocktail (50 mM EDTA, 20 mM benzamidine, 50 M D-Val-Leu-Lys-chloromethylketone [Sigma-Aldrich, St Louis, MO] in 0.9% NaCl). In the supernatant samples, obtained after centrifugation at 4°C for 20 minutes, we determined: (1) TAT and sCD40L by ELISA; and (2) prothrombin activation, fVa light and heavy chain generation, fVa inactivation and fibrinogen cleavage by quantitative immunoblotting. 3, 26, 31 Given interindividual variability of bleeding time values, the sampling interval was limited to the first 5 minutes.
Gel electrophoresis and Western blotting
Tris-HCl and HEPES were purchased from Sigma-Aldrich and Tween-20 from Baker (Phillipsburg, NJ). A burro monospecific polyclonal antibody that recognizes prothrombin, prethrombin 2, fragment 2, and thrombin B-chain was prepared at Mayo Clinic (Rochester, MN). Monoclonal antibodies against the A␣-chain of fibrinogen (␣-Fbg2e), the fVa-HC (␣-fVa-HC#17), and fVa-LC (␣-fVa-LC#9) were previously described. 10, 31, 32 Horseradish peroxidase-labeled secondary antibodies were purchased from Southern Biotech (Birmingham, AL). Molecular standards were from Invitrogen (Carlsbad, CA). Chemiluminescent substrate was purchased from NEN Life Science Products (Boston, MA).
Sodium dodecyl sulfate-polyacrylamide gel analysis (SDS-PAGE) immunoblotting and quantitation were performed as previously described 8, 24, 26, 31, 33 with concentrations estimated from serial dilutions of purified standard proteins.
Statistical analysis
Data are expressed as the mean plus or minus SEM or as otherwise stated. The Kolmogorov-Smirnov test was used to determine normal distribution. Between groups, comparisons were done by Student unpaired t test for normally distributed data, otherwise by the Mann-Whitney U test and by the 2 test for categorical data. Serial data were analyzed within groups by Friedman repeated measures ANOVA with subsequent post-hoc procedures for multiple comparisons. Spearman rank correlation coefficient was calculated to test associations between 2 variables. A P value less than .05 was considered statistically significant.
Results
The groups did not differ with regard to age, sex, coronary risk factors, including lipid profiles, or concomitant medication. Comparison of AMI to CAD showed elevated cardiac troponin I (5.23 Ϯ 1.14 ng/mL) versus undetectable in the CAD patients. Fibrinogen (8.37 Ϯ 3.5 vs 2.49 Ϯ 2.2 mg/L; P ϭ .011), CRP (3.67 Ϯ 0.5 vs 2.72 Ϯ 0.2 g/L; P ϭ .005), and IL-6 (3.29 Ϯ 1.22 vs 2.05 Ϯ 0.72 pg/mL; P Ͻ .001) were higher in the AMI patients than stable subjects, respectively. AMI patients had elevated For personal use only. on December 27, 2017. by guest www.bloodjournal.org From prothrombin (121 Ϯ 3 vs 105 Ϯ 4%; P ϭ .002), fVIII (158 Ϯ 6 vs 115 Ϯ 6%; P Ͻ .001), f-TFPI (24.4 Ϯ 2.7 vs 18.2 Ϯ 3.3 ng/mL; P Ͻ .001), and lower AT (90 Ϯ 2 vs 112 Ϯ 3%; P ϭ .006) and PC (95 Ϯ 6 vs 111 Ϯ 7%; P ϭ .008) compared with stable CAD patients, respectively. TAT was higher in the AMI patients than in stable CAD subjects (6.93 Ϯ 0.27 vs 3.19 Ϯ 0.13 g/L; P Ͻ .001).
Bleeding times were similar in AMI patients and those with stable CAD (398.8 Ϯ 26.5 vs 409.2 Ϯ 19.6 seconds; P ϭ .3). The total volume of blood collected was similar in both groups (P ϭ .4). Thus, analyses of analyte concentration and total amount, in both patient groups were similar. Therefore, the concentrationbased analyses [24] [25] [26] [27] [28] are presented in the current study.
Thrombin generation
In both the AMI and CAD populations, no detectable initiation phase of TAT formation was seen in bleeding time samples, thus indicating that it is shorter than 60 seconds (the first sample) ( Figure 1 ). TAT formation during the propagation phase proceeded at almost twice the rate (0.31 Ϯ 0.03 nM/second) in AMI patients than that observed for CAD patients (0.16 Ϯ 0.02 nM/second; P ϭ .004). The TAT formation rate in CAD patients was similar to that seen in our historical data for healthy individuals taking aspirin 24 (Figure 1 , dashed line). The maximum TAT at 300 seconds was similarly increased in the AMI group (81.0 Ϯ 2.5 vs 37.0 Ϯ 1.6 nM; P Ͻ .0001). The maximum rate of TAT production correlated with plasma TAT levels only in stable CAD patients (r ϭ 0.44, P ϭ .031), whereas in the AMI patients similar associations were found for its maximum levels after injury (r ϭ 0.43, P ϭ .036). Troponin I levels, a measure of the extent of myocardial necrosis, were correlated with maximum velocity of TAT generation (r ϭ 0.48, P ϭ .03). In the AMI group, but not in stable CAD subjects, the maximum rate of TAT increase at the site of vascular injury was weakly associated with plasma IL-6 levels (r ϭ 0.44, P ϭ .04 and r ϭ 0.41, P ϭ .42, respectively), while the variations in TAT generation did not correlate with plasma CRP levels (P Ͼ .1).
Analyses of potential correlations between coagulation factors and inhibitors versus variables of the microvascular injury model showed that in the AMI patients, the only significant negative associations were observed between maximum rate of TAT formation and AT levels (r ϭ Ϫ0.45, P ϭ .035) and PC levels (r ϭ Ϫ0.49, P ϭ .02). f-TFPI was correlated with TAT only at the first time point in AMI (r ϭ Ϫ0.52, P ϭ .008) and in stable CAD patients (r ϭ Ϫ0.44, P ϭ .03). Other coagulation factors or inhibitors showed no significant associations with parameters describing TAT generation in stable CAD patients (data not shown).
TAT formation was markedly reduced in heparin-treated patients (aPTT range, 70-220 seconds; Figure 1 ). The maximum velocity and TAT formation level were significantly lower (0.14 Ϯ 0.02 nM/second; P Ͻ .0001, and 23.3 Ϯ 1.4 nM; P Ͻ .001, respectively) in the heparin-treated individuals. These variables are similar to those obtained in subjects with stable CAD (maximum velocity: 0.16 Ϯ 0.02 nM/second and TAT level: 37.0 Ϯ 1.6 nM) and the historical experience with the healthy taking aspirin.
Platelet activation
Platelet counts did not differ between the AMI and stable CAD patients (2.43 Ϯ 0.42 vs 2.39 Ϯ 0.31 ϫ 10 8 platelets/mL; P ϭ .7). Plasma sCD40L concentrations in peripheral blood were higher in the AMI patients (807.1 Ϯ 60.3 vs 226.8 Ϯ 10.5 pg/mL; P Ͻ .0001). The profiles of sCD40L release from platelets at the site of vascular injury ( Figure 2 ) consisted of a phase of a rapid increase and a plateau phase seen in all subjects at the last minute, similar to a previous report. 28 AMI patients had increased maximum rates of sCD40L release (0.091 Ϯ 0.008 vs 0.063 Ϯ 0.006 ng/mL/second; P Ͻ .0001) and maximum levels of sCD40L (20.16 Ϯ 0.36 vs 8.74 Ϯ 0.25 ng/mL; P Ͻ .0001) compared with stable CAD, respectively.
In the AMI group, plasma sCD40L and sCD40L release after injury showed no association. Correlations existed between maximum rates and level of sCD40L release and the corresponding parameters for TAT formation in AMI (r ϭ 0.49, P ϭ .02, and r ϭ 0.68, P ϭ .004, respectively). In the stable CAD group, only the maximum velocities for sCD40L release and TAT formation were correlated (r ϭ 0.44, P ϭ .03). No associations between sCD40L release and inflammatory or myocardial necrosis markers, or coagulation factors/inhibitors were observed (all P Ͼ .1).
In patients with AMI on unfractionated heparin, sCD40L levels in shed blood and in plasma did not differ from those found in AMI patients (Figure 2 ), suggesting that the platelet activation seen in AMI is not thrombin-dependent.
Prothrombin activation after peripheral injury
Prothrombin (M r ϭ 72 kDa, Figure 3A) , was consumed after 180 to 240 seconds in the AMI patients, but still detectable by 300 seconds in 18 of 28 CAD subjects (P ϭ .025). In the AMI patients, prothrombin disappeared at a peak rate of 0.0078 Ϯ 0.001 M/seconds, which was 28% higher than that observed in patients with stable CAD (P ϭ .012). Initial prothrombin concentrations were similar in both groups (1.33 Ϯ 0.07 vs 1.21 Ϯ 0.06 M; P ϭ .3).
Thrombin B-chain formation ( Figure 3B ) was markedly accelerated in the AMI patients (P ϭ .007) and approximately 10 nM thrombin was visible on immunoblots within the first 60 seconds after injury. This observation was unique to the AMI patients. The maximum rate of thrombin generation in AMI patients (0.33 Ϯ 0.04 nM/second) was higher by 57% compared with stable CAD patients (0.21 Ϯ 0.03 nM/second, P Ͻ .001). Thrombin generation in CAD patients was similar to that observed previously for healthy individuals taking aspirin (dashed line). 34 The maximum level of thrombin B-chain reported in bleeding-time blood was also higher in AMI (59.8 Ϯ 6.2 vs 40.2 Ϯ 1.6 nM; P Ͻ .001). These levels were associated with the maximum TAT levels in both groups (r ϭ 0.64, P Ͻ .0001, and r ϭ 0.59, P Ͻ .0001, respectively). There were weak associations between the rates of thrombin B-chain generation and of sCD40L release in both patient groups (r ϭ 0.36, P ϭ .044 and r ϭ 0.41, P ϭ .033, respectively). Positive correlations were observed between IL-6 levels and both the maximum velocities and levels of thrombin B-chain (r ϭ 0.44, P ϭ .02, and r ϭ 0.53, P ϭ .004, respectively) in the AMI group.
Heparin treatment in AMI suppressed prothrombin activation and thrombin formation to rates similar to those for stable CAD (Figure 3A,B) . Thrombin B-chain generation in both the CAD before and after heparin treatment is not affected. Thrombin B-chain development in these individuals is similar to that observed for thrombin B-chain generation in previous studies of healthy individuals on aspirin (dashed line) with this model. 24
Factor V activation and inactivation
Factor V activation proceeds with the initial presentation of the heavy chain (cleavage at R709). 7, 35 FVa-HC (fVa-HC, M r ϭ 105 kDa, Figures  4A,B ) appears in considerable amounts on average at 120 seconds in the AMI patients and slightly later in stable CAD patients, by approximately 60 seconds (P ϭ .029). The fVa-HC 97 fragment cleaved as a result of thrombin cleavage at Arg643 (fVai 643 ) 33, 36 was visualized in both groups approximately 60 seconds after fVa-HC (P Ͻ .001) in low amounts (ϳ 0.6 nM) with levels increasing slowly over time (to ϳ 1.3 nM). The maximum concentration of fVai 643 was 50% higher (P Ͻ .001) in stable CAD patients. Despite significantly higher thrombin formation in the AMI group, no association was observed between fVai 643 and the rate of thrombin B-chain or TAT formation after vascular injury. The maximum rates of fVa-HC generation (0.020 Ϯ 0.004 vs 0.017 Ϯ 0.002 nM/ second; P ϭ .3, respectively) and the maximum concentrations of fVa-HC in bleeding-time blood (3.43 Ϯ 0.36 nM vs 3.62 Ϯ 0.42 nM; P ϭ .7) were similar in both groups. In the AMI population, the maximum levels of fVa-HC showed associations with the maximum level of sCD40L (r ϭ 0.5, P ϭ .009), TAT (r ϭ 0.44, P ϭ .032), and thrombin (r ϭ 0.4, P ϭ .042).
The formation of fVa-LC (fVa-LC, M r ϭ 74 kDa) and thus fVa activity could be detected on immunoblots within the first 60 seconds after injury in the AMI patients ( Figure 4A ,C). Detection of fVa-LC in the stable CAD population was not seen until 120 to 180 seconds (P ϭ .013). The maximum rates of fVa-LC generation were increased in the AMI patients compared with stable subjects (0.025 Ϯ 0.002 vs 0.014 Ϯ 0.002 nM/second; P ϭ .003; Figure 4C ). Maximum concentrations of fVa-LC were also higher in the AMI patients (4.13 Ϯ 0.41 vs 2.17 Ϯ 0.24 nM; P Ͻ .001). As anticipated, correlations between the rate of fVa-LC generation and that of thrombin B-chain production were observed in both patient groups (r ϭ 0.48, P ϭ .014 and r ϭ 0.51, P ϭ .009, respectively).
Total inactivation of fVa after cleavage at Arg 506 and Arg 306 by APC (fVai 306,506 ) is associated with a 30 kDa fVa-HC fragment (fVa-HC 30 , residues 307 to 506). 7 The generation of this product of APC cleavage is greatly enhanced in AMI, an indication increased expression of the thrombin-thrombomodulin system either because of the enhanced thrombin availability, the enhanced expression of thrombomodulin and/or the endothelial protein C receptor (EPCR) or all of the above.
Interestingly, the maximum rate of the accumulation of the fVa 30-kDa fragment in the AMI patients was 76% greater than in CAD (0.018 Ϯ 0.006 vs 0.075 Ϯ 0.008 nM/second; P Ͻ .001; Figure  4D ). The quantity of this fragment at the last sample was greater in the AMI patients (3.34 Ϯ 0.29 vs 1.87 Ϯ 0.25 nM; P Ͻ .001), indicating enhanced PC activation. The maximum level of fVai was correlated with the maximum amount of thrombin formation, in For personal use only. on December 27, 2017. by guest www.bloodjournal.org From both AMI (r ϭ 0.49, P ϭ .011) and CAD (r ϭ 0.47, P ϭ .016). Similar correlations were observed for the maximum TAT levels in our model (r ϭ 0.51, P ϭ .006 and r ϭ 0.53, P ϭ .003, respectively). In heparin-treated AMI patients, the APC inactivation of fVa discerned by the appearance of the 30-kDa fragment was similar to that observed for stable CAD patients (data not shown).
The interplay between fVa heavy and light chain formation and fVa-HC inactivation by APC cleavage dictates the concentration of functional fVa. The fVa concentration based upon the limiting components ( Figures 4B,C) is illustrated in Figure 5A and the concentrations of the inactive fVai ( Figure 4D) in Figure 5B . Under normal circumstances, fVa activity is limited by formation of the light chain. As seen in Figure 4C in CAD, light chain generation is the limiting component in the expression of fVa ( Figure 5A ). In contrast, in AMI because of destruction of the heavy chain by APC, the fVa concentrations are limited by the heavy chain ( Figure 5A) . This is clearly a consequence of fVa inactivation ( Figure 4D ) illustrated by the increased formation of fVai ( Figure 5B) as evidenced by the activation fragment of the heavy chain in AMI. The total fVa-HC generated corresponds to the sum of fVa-HC and 30-kDa fragment. Therefore, the total fVa-HC approaches 7 nM in AMI, similar to that produced in CAD (5 nM).
The patterns of fVa-HC and fVa-LC generation did not differ between heparin-treated AMI patients, those with stable CAD, and healthy taking aspirin 24 (data not shown).
Fibrinogen consumption
Fibrinogen consumption in bleeding time samples for both AMI and CAD patients is seen in Figure 6 . Initial fibrinogen concentrations in the AMI and stable CAD groups were similar (8.6 Ϯ 0.9 vs 8.1 Ϯ 0.9 M, respectively; P ϭ .5); levels at 300 seconds were elevated in the stable CAD group (2.7 Ϯ 0.3 vs 1.1 Ϯ 0.2 M, respectively; P Ͻ .001). The velocity of fibrinogen removal from shed blood was higher in the AMI patients than the stable CAD subjects (0.041 Ϯ 0.004 vs 0.030 Ϯ 0.004 M/second, P ϭ .02, respectively; Figure 6 ). In both CAD and AMI patients there was a correlation between the rate of fibrinogen consumption and thrombin production (r ϭ 0.49, P ϭ .03 and r ϭ 0.53; P ϭ .004, respectively) and IL-6 (r ϭ 0.38, P ϭ .04 and r ϭ 0.39, P ϭ .04, respectively).
In heparin-treated AMI patients, the pattern of fibrinogen consumption was similar to that observed for stable CAD patients (data not shown). 
Discussion
This study shows enhanced coagulant reactions induced by vascular injury in the peripheral circulation in patients with AMI as evidenced by accelerated systemic thrombin generation, enhanced fibrinogen proteolysis, and fV activation/inactivation, as well as markedly increased release of sCD40L from platelets and higher IL-6 levels compared with well-matched patients with stable CAD. Qualitative and quantitative alterations in the kinetics of coagulant reactions observed after an occlusive thrombotic event in the coronary circulation, for instance, AMI suggests that systemic coagulation pathways are hyperreactive or stimulated and additional injury is a potent trigger resulting in markedly increased thrombin formation and platelet activation. Previous studies on blood coagulation at sites of hemostatic plug formation have been limited to the evaluation of healthy subjects, 24 patients at high risk of CAD, 26 and patients with stable angina. 29 Importantly, all the findings refer to subjects on aspirin treatment, suggesting that thrombin formation and thrombin-mediated reactions may be even faster in CAD patients not receiving aspirin. 37 Given the fact that patients with a recent MI have an increased risk of recurrent coronary events, 12 detailed information on the kinetics of systemic coagulant reactions and platelet activation in peripheral circulation, along with their determinants, in patients with activated coagulation associated with ACS might help explain the pathophysiology of this clinical observation and shed some light on the relationship between a local thrombotic event and systemic inflammatory activation.
Major differences between patients during the acute phase of MI and those with stable CAD patients are as follows: (1) TAT formation triggered by vascular injury is almost 2-fold faster in ACS patients than in stable CAD subjects. This acceleration appears to be related to platelet activation and the extent of myocardial necrosis. Importantly, the velocity of TAT or thrombin B-chain formation at the site of injury cannot be predicted by TAT levels in plasma of peripheral venous blood in the AMI patients; (2) FVa generation is faster (by ϳ 30%) in the AMI patients as evidenced by fVa-LC formation, ordinarily the limiting component in fVa generation, 7 as also shown in the Simplate model. 24 Generation of fVa in our model suddenly accelerates at 2 minutes in the AMI patients. This is probably a consequence of massive thrombin formation and release of platelet-derived fVa locally. Twenty percent of fV is stored in platelet ␣-granules and is partially activated. 38 This pool of fV 39 is 2-to 3-fold more resistant to APC and contributes to sustained activation of coagulation with platelets deposited at the site of injury. 40, 41 The inferred contribution of platelet-derived fVa to the accumulation of fVa-HC visualized on immunoblots is supported by the correlation between its estimated concentration and that found for the platelet activation marker, sCD40L. (3) The lack of intergroup differences in fVa-HC generation at the site of vascular injury is explained by the nearly simultaneous increase in the rate of degradation of fVa-HC associated with enhanced PC activation in AMI patients. Moreover, AMI results in markedly accelerated (by 76%) APC release of the 30-kDa fragment (R307-506) of fVa-HC with concentrations at 6 minutes approaching that of intact fVa-HC. One might suspect that increased thrombin generation in AMI will lead to earlier appearance of the 30-kDa fragment of APC-mediated fVa degradation, as thrombin in complex with thrombomodulin is abundant in the capillary bed, to efficiently activate protein C. 42 In addition, platelet factor 4 released from aggregated platelets has been shown to increase APC activity. 43 Also, peripheral vascular endothelial cells have been reported to provide the surface on which APC cleaves fVa more efficiently compared with the reaction on the platelet surface. 44 These findings might at least in part account for increased amounts of the 30-kDa fragment of fVa degraded by APC upon vascular injury in ACS patients compared with results in Figure 6 . Fibrinogen consumption. Representative nonreduced immunoblot (5%-15%) of fibrinogen from consecutive 60-second bleeding-time blood samples for a stable CAD patient and a patient with AMI. Fibrinogen concentrations were determined by densitometry of immunoblots as described in "Fibrinogen consumption." Data for all CAD patients (n ϭ 28, ‚) and AMI patients (n ϭ 28, OE) are plotted as the means plus or minus SEM. stable subjects. (4) The detection of the 97-kDa fragment of fVa-HC, a product of fVa proteolysis by thrombin in the presence of endothelial cells and/or platelets, 33, 45 is delayed in AMI relative to CAD. The presence of the 97-kDa fragment was previously detected in asymptomatic individuals 24, 26 and CAD patients. 29 Unexpectedly, despite increased thrombin, formation of the 97-kDa fragment is reduced in AMI. It might be hypothesized that in a state of increased thrombin generation, for example, AMI, thrombin binds preferentially to thrombomodulin, accelerating APC-catalyzed inactivation of fVa as shown in this study and thus alternative pathway of fVa degradation through the 97-kDa fragment formation is less pronounced compared with stable CAD because of depletion of the fVa-HC substrate. (5) The fibrinogen consumption observed in the ACS patients was increased by approximately 30% compared with stable patients, though the magnitude of this intergroup difference was smaller that than found for thrombin generation. Mechanisms underlying this observation may involve enhanced fibrinogen binding to platelet-derived thrombospondin 46 and endothelial cells via thrombin-mediated process in the AMI patients, 47 leading to smaller amounts of this protein in the fluid phase. (6) A small difference in the maximum rates of prothrombin consumption at the site of injury observed in ACS patients compared with stable CAD subjects could also be related to increased binding to the exposed endothelium and activated platelets. 48 The model of peripheral microvascular injury is a valuable tool to assess the magnitude of platelet activation both by measuring the expression of activation markers by flow cytometry 49 and release of various proteins mostly derived from platelet ␣-granules, such as ␤-thromboglobulin, 30 vascular endothelial growth factor (VEGF), 28, 50 platelet-derived growth factor (PDGF), 28 and sCD40L. 28, 51 We used sCD40L as a platelet activation marker because more than 95% of circulating sCD40L is platelet derived. 52 As expected, the peak rate of sCD40L release and maximum sCD40L levels in bleeding-time blood were markedly higher in ACS than in stable subjects. However, the kinetics of sCD40L release at sites of vascular injury cannot be predicted by sCD40L levels in venous blood in either group, suggesting the major contribution is by local mechanisms probably identical to those enhancing thrombin formation and platelet activation upon injury.
This study is the first to assess the impact of coagulation factors (except fXI and fXII) and coagulation inhibitors such as f-TFPI, AT, and PC on the kinetics of coagulant reactions in the Simplate model. We found that only AT and PC correlated with the rate of bleeding time blood thrombin production. These close associations might help explain clinical observations showing that low normal levels of these 2 inhibitors increase the risk of recurrent cardiovascular events in patients with ACS. 53 Previously, we have shown in this patient population that simulated Tf-initiated thrombin generation based upon factor composition can discriminate between acute and stable CAD. 22 We have also demonstrated that these ACS and CAD MI patients have circulating fXIa that correlates with markers of coagulation and inflammation. 54 It is known that the half-life of thrombin in plasma is 10 to 15 se-conds largely through the inhibitory properties of AT enhanced by glycosaminoglycan cofactors. 55 Butenas et al 56 showed that prothrombin and AT in the normal ranges (50%-150%) were major determinants in thrombin formation in a synthetic plasma model. Using a cell-based model of coagulation, Allen et al 57 showed that almost all coagulation factors (range, 0%-200% of pooled plasma levels) affect the rate of thrombin production. A correlation of thrombin formation with APC, which is in keeping with studies using other models, 10 further corroborates the concept that at least in small vessels anticoagulant proteins are crucial determinants of hemostatic balance controlling potent triggers such as Tf and collagen. 55 The negative correlation between f-TFPI and the 60-second TAT level, which in CAD patients at the site of injury, may be considered as a substitute of the time of a lacking lag phase that is determined by the activity of the Tf-fVIIa complex, 58 confirms that TFPI plays a crucial role in initiating and shutting down the Tf-mediated coagulant reactions. 11 As expected, f-TFPI had no effect on the subsequent rate of thrombin formation. 59,60 Importantly, our findings suggest that in contrast to several in vitro coagulation models, 56, 57 the microvascular injury model, with vascular injury in vivo, is, to a large extent, determined by cellular factors exposed and/or produced in loco, such as Tf expression. 25 This supports the concept of a major contribution of local mechanisms in the maintenance of hemostatic balance upon vascular damage. Pathak et al 61 reported that thrombin generation occurs in the absence of platelets on the surface of vascular tissue of the arteries. Upon arterial injury, regulation of thrombin generation is most likely controlled by Tf expression on cell surfaces, however significant correlations are observed between the kinetics of thrombin formation and platelet activation in ACS patients. This confirms the importance of platelets in thrombin generation at sites of microvascular injury.
An interesting finding is the observation that IL-6, a major proinflammatory cytokine, is positively correlated with kinetic parameters of thrombin formation in the ACS patients in our model. No such associations were found for CRP, which is in contrast to previous observations in stable CAD patients treated with the cholesterol-lowering agent, simvastatin, which also reduces CRP. 29 Our findings provide additional evidence for bidirectional links between inflammation and coagulation at several stages in CAD patients, including those with ACS, as previously suggested. 62 Unsatisfactory dampening of thrombin formation in ACS patients treated with intravenous heparin was demonstrated based on plasma levels of thrombin markers, indicating indirectly the potency of the damaged coronary plaque as a trigger of blood coagulation. Our current findings (Figures 1,3B ) suggest that heparin administration in doses that prolonged aPTT to desirable levels decreases thrombin generation only to the values close to those observed in stable CAD patients in terms of both the velocity of the process and the maximum level measured at the site of microvascular injury. These findings are in line with the previous study on healthy volunteers. 63 It is worth noting that low-molecularweight heparin suppresses thrombin generation similarly to unfractionated heparin, 63 suggesting that our observations may be extrapolated to ACS patients receiving the former.
The number of the patients enrolled in this study was limited; however, patient selection resulted in a reasonably homogenous population, which together with well-matched controls, mitigate against significant recruitment bias. Further, patients with unstable angina, who represent a large percentage of ACS patients, were not participants in this study.
The description of complex prothrombotic processes at the platelet-vessel interface preceded by the vascular injury model provides insights into the effect of arterial thrombosis on the systemic hemostatic balance. It might be speculated that a systemic inflammatory state associated with activated clotting pathways may activate local mechanism leading to atherosclerotic plaque instability and rupture and thus to ACS.
